Diatoms comprise up to 40% of annual productivity in the modern ocean, and some stress factors may alter their physiology and survival. Here, we describe the morphological, biochemical and molecular responses that occur during metacaspase-mediated programmed cell death (PCD) in response to silicate limitation in the ubiquitous diatom Skeletonema marinoi. Transmission electron microscopy revealed that vacuolization occurred while the plasma membranes remained intact. Caspase 3-like activity, antioxidant gene expression, phosphatidylserine externalization and activated caspase-like expression were measured using in vivo staining. The results show that each was significantly increased under silicate limitation conditions. Using quantitative reverse transcription-PCR, we identified six distinct putative metacaspase proteins in S. marinoi, and we show that each contains a conserved caspase-like domain and is differentially expressed and that some of their expression profiles were correlated with PCD. Silicate limitation could trigger PCD in S. marinoi as well as an increase of antioxidant genes. PCD could be employed as a strategy to decrease silicate demand of the whole population and probably regulate the fate of S. marinoi.
gyres (Brzezinski and Nelson, 1995) and the Southern Ocean (Nelson and Gordon, 1982) . Because downward fluxes of biogenic silica and organic matter are largely caused by changes in diatom productivity (Ragueneau et al., 2006) , the physiological states and life histories of diatom assemblages dictate whether diatom silicon and associated organic carbon are recycled in the euphotic zone or exported to greater depths (Bidle and Azam, 1999; Bidle et al., 2003; Brzezinski et al., 2003) . Thus, the mechanisms underlying the cellular processes that mediate the bloom to post-bloom transition are important topics of research. Natural (e.g. caused by cold/heat and nutrient limitation) and/or anthropogenic (e.g. caused by ocean acidification and pollutants) factors may alter the physiology and survival of diatoms, thereby influencing current levels of primary ocean productivity (Sun et al., 2011; Lommer et al., 2012) .
Programmed cell death (PCD) has been observed in unicellular organisms (Bidle and Falkowski, 2004 ) and documented in a wide range of phytoplankton groups in response to a variety of physiological stressors, including heat, light, salt and oxidative stress, nutrient limitation, viral infection and culture senescence (Dingman and Lawrence, 2012; Bidle, 2015) . Studies over the past two decades have used physiological, biochemical and genetic techniques to obtain novel information and gain a more intensive understanding of PCD in marine phytoplankton. The hallmarks of PCD can be grouped as follows: (i) DNA degradation (detected using either in situ labeling or nucleic acid electrophoresis); (ii) alterations in the plasma membrane (detected as the externalization of phosphatidylserine (PS) residues, which maintain membrane integrity during the early stages of PCD and increase membrane permeability during its later stages); (iii) the activation, inhibition or expression of a metacaspase gene; (iv) organelle degradation and (v) nuclear and cytoplasmic blebbing (Dingman and Lawrence, 2012) . Multiple methods can be used to identify each of these markers, not all of which occur under every type of PCD (Dingman and Lawrence, 2012) . PCD and its associated pathway genes may play integral roles in determining cell fates in a diversity of photoautotrophs and play major roles in phytoplankton bloom succession and collapse in the modern ocean (Vardi et al., 1999 (Vardi et al., , 2006 Bidle and Falkowski, 2004) .
Skeletonema marinoi is a ubiquitous diatom species that forms massive blooms in many temperate coastal oceans in the world, including the Gullmar Fjord, Skagerrak-Kattegat, Baltic Sea and Northern Adriatic Sea (Mediterranean Sea) (Lange et al., 1992; Miralto et al., 1999; Ianora et al., 2004; Godhe and Härnström, 2010) . Previous studies on S. marinoi have focused on its genetic structure (Godhe and Härnström, 2010) , its secondary metabolite production (Fontana et al., 2007) , its physiological responses to nutrient limitation (Ribalet et al., 2007) , its interactions with zooplankton species (Miralto et al., 1999; Ianora et al., 2004; Lauritano et al., 2011a Lauritano et al., , 2011b and the identification of potential cell-death markers . Nutrient deprivation, a PCD-inducing factor, has received a considerable amount of attention (Brussaard et al., 1997 (Brussaard et al., , 1998 Young and Beardall, 2003; Bidle and Bender, 2008; Jiang et al., 2014) , and reduced concentrations of silicates have been clearly documented during diatom blooms in marine ecosystems (Egge and Aksnes, 1992; Kuuppo et al., 1998) . Nevertheless, we know very little about the mechanisms underlying the biochemical processes that lead to PCD in diatoms, especially metacaspase-mediated PCD. Overall, the extent to which S. marinoi may utilize this pathway remains largely unexplored.
At the end of a diatom bloom, silicates are the major limiting growth factor in the sea (Dugdale and Wilkerson, 1998) . Diatoms have an obligate silicate requirement for their growth because silicates are required to build their outer cell walls, including their frustules (Mock et al., 2008) . Silicate limitation causes metabolic imbalance and increases oxidative stress in the diatom Thalassiosira pseudonana (T. pseudonana) (Bucciarelli and Sunda, 2003) , and reactive oxygen species (ROS) formed in cultured phytoplankton and eventually induces PCD (Vardi et al., 1999) ; however, the molecular mechanisms and biochemical processes underlying PCD in S. marinoi are largely unknown. To better understand these processes, we investigated the gene expression of different target genes known to be associated with oxidative stress, including aldehyde dehydrogenase (ALDH), glutathione synthase (GSHS), glycolate oxidase (GOX) and heat shock protein 90 (HSP90). Many ALDH enzymes function as 'aldehyde scavengers' by removing the reactive aldehydes that are generated during the oxidative degradation of lipid membranes (Bard, 2000) . GSHS is up-regulated during aging (in both the stationary and decline phases) in S. marinoi . GOX is an enzyme that has been shown to be involved in stress resistance in the higher plant Arabidopsis thaliana (Rojas et al., 2012) and to play a key role in photorespiratory carbon metabolism, which is responsible for reducing carbon loss and oxidative damage (Chern et al., 2013) . HSP90 is a molecular chaperone that is known to be involved in the stress responses that are induced by various environmental factors, such as heat, cold, hypoxia, UV radiation and aging (Sørensen et al., 2003) . In some organisms, the activation of these four genes helps to adapt cellular physiology and metabolism to changing conditions by offering protection against cell damage or death (Sørensen et al., 2003; Marchitti et al., 2008; Rojas et al., 2012; Lauritano et al., 2015) . Here, we analyzed morphological changes and the externalization of PS, and the levels of activated caspaselike protein by analyzing in situ marker expression, silicon transporter (SIT) gene expression and caspase 3-like protein activity. Metacaspase sequences have been identified in many phytoplankton, including Emiliania huxleyi and T. pseudonana (Bidle et al., 2007; Bidle and Bender, 2008) . We specifically investigated the expression of metacaspase genes in S. marinoi, including changes that occur in their expression in response to silicate limitation, and their potential roles in inducing PCD.
M E T H O D Algae cultures
Skeletonema marinoi was obtained from Jiaozhou Bay (Supplementary data, Fig. S1 ), a shallow semi-closed bay surrounded by Qingdao City on the Yellow Sea coast of northern China. We have morphologically and genetically verified the identification of our algae as S. marinoi and named as S. marinoi JZB1 (Supplementary data, Figs S2 and S3). Skeletonema marinoi was sampled from the bay and grown in f/2 medium for~2 years and not acclimated to reduced silicate before the experiments in this study were initiated. The cultures were grown in f/2 medium at 19°C under a 12-h light/dark cycle at 100 μmol photons · m . Seawater was collected from the Yellow Sea, filtered through 0.22-µm pore-size Millipore filters and autoclaved, and the concentration of dissolved-Si was found to be 2.5 μmol L −1 . Aseptic techniques were used to minimize bacterial contamination, but the cultures were not axenic. A starter culture of S. marinoi was grown in f/2 medium to the mid-exponential phase. The cells were then pelleted via filtration using 0.8-µm pore-size Millipore filters prior to inoculation in f/2 media (defined here as high silicate, at 109.5 μmol L −1 silicate, and used as the control group), modified f/2 media with Si omitted (2.5 μmol L −1 silicate originating from the seawater, defined as low silicate) or modified f/2 media containing an additional 30 μmol L −1 silicate (32.5 μmol L −1 silicate in this treatment, defined here as medium silicate) in 1-L sterile polycarbonate bottles. These preparations were performed in triplicate.
Samples were collected daily at 10 a.m., and the number of cells in 1 mL was determined in samples fixed in Lugol's fixative (at a final concentration of~2%) using a hemocytometer and an Olympus microscope (CX31, ×20). The concentration of silicate in the medium was measured daily using the silicon-molybdenum blue spectrophotometry method (Wurl and Sin, 2009 ). Specific growth rates were calculated using the following formula: specific growth rate = Ln (N 2 /N 1 )/(t 2 − t 1 ), where N 1 and N 2 are the biomass at Time 1 (t 1 ) and Time 2 (t 2 ), respectively (Levasseur et al., 1993) .
Cellular observations under transmission electron microscopy
The internal cell morphology of samples of S. marinoi was evaluated using transmission electron microscopy (TEM). Cells were collected using 5-μm pore-size polycarbonate filters and then fixed in 2 mL of 2.5% glutaraldehyde fixative (pH 7.4) for 2 h. The cells were then rinsed once, resuspended in 0.1 M Phosphate-buffered saline solution (PBS, pH 7.4), and stored at 4°C prior to the next experiment. The fixed cells were rinsed three times for 15 min each in 0.1 M PBS (pH 7.4), post-fixed for 3 h in 1% buffered OsO 4 and washed three times with 0.1 M PBS (pH 7.4). After the supernatant was removed using centrifugation (4°C, 10 000g, 5 min), the pellets were dehydrated through a graded series of ethanol solutions and then placed in propylene oxide. The cells were then embedded in Epon812 embedding medium (3 g of dodecenyl succinic anhydride, 7 g of Methyl nadic anhydride and 10 g of Epon812 in 0.32 mL of 2,4,6-tri(dimethylaminomethyl) phenol ). Next, the sections were cut using a PowerTomo-XL ultramicrotome (RMC, Rochester NY, USA), collected on 200-mesh copper grids, and stained using uranyl acetate and lead citrate. The stained sections were visualized and photographed using an H-7560 electron microscope (Hitachi, Japan).
Target gene identification
Metacaspase genes were identified in the S. marinoi transcriptome (http://www.ncbi.nlm.nih.gov/geo/query/acc. cgi?token=ytqhseqgzdoplaj&acc=GSE77468) in a translation BLAST (tBLASTn) search using the sequences of known metacaspase proteins in T. pseudonana and Phaeodactylum tricornutum. The searched sequences were confirmed by performing a BLAST search (BLASTx) to determine the identity of the closest matches. ROS molecules are the classic inducers of PCD that play a central role in regulating cell fate by altering the redox balance of cells. ROS may, for example, modify the levels of hydrogen peroxide and superoxide in a cell (Vardi et al., 1999; Chandra et al., 2000; Berman-Frank et al., 2004; Thamatrakoln et al., 2012; Bidle, 2015) . Silicate limitation leads to metabolic imbalances that can result in an increase in the production of ROS and increased oxidative stress in the diatom T. pseudonana (Bucciarelli and Sunda, 2003) in addition to inducing the formation of ROS in cultured phytoplankton, in which they may reach a level that could induce PCD (Vardi et al., 1999) . We therefore examined oxidative stress and its effects in S. marinoi exposed to three different silicate concentrations. Four oxygen stress-related genes (ALDH, GSHS, GOX and HSP90), SIT and actin, which were selected as the reference genes, were also identified in the S. marinoi transcriptome. A subsequent protein BLAST search (BLASTp) was performed using GenBank for each putative metacaspase protein to determine the identity of the closest matches and to identify conserved domains (COGs). The primers were designed based on the COGs observed in metacaspase and four oxygen stress-related genes using Primer 5.0 software. All primers used in this study are listed in Table I .
RNA extraction and quantitative PCR analysis
The expression of each target gene was analyzed using qRT-PCR in triplicate samples that were collected from the replicate cultures. RNA was extracted using TRIZOL ® (Ambion, Life Technologies, Carlsbad, CA) according to the manufacturer's protocol, and the RNA quantity and purity were assessed using a Picodrop microliter UV/Vis spectrophotometer (Picodrop, Cambridge, UK). Two hundred nanograms of cDNA were used as the template for the reverse transcription of all genes, which was performed using a One-Step gDNA Removal and cDNA Synthesis SuperMix kit (TransGen Biotech, Peking, China). Quantitative PCR was performed using an Applied Biosystems 7500 Real-Time PCR System (Thermo Fisher, MA, USA) in reactions containing FastStart Universal SYBR Green Master (ROX, Roche, Mannheim, Germany). All qPCR assays were carried out in triplicate, and the 20-μL qPCR mixture contained the following reagents: 10 μL ROX, 0.3 μM each primer, 0.2 μg•μL −1 bovine serum albumin and 2.0 μL cDNA. The PCR program consisted of a denaturation step at 94°C for 5 min, 35 cycles at 94°C for 30 s, 60°C for 30 s and 72°C for 1 min, and a final extension step at 72°C for 5 min. Primer efficiencies (E) were validated with serial dilutions of cDNA samples over a 100-fold range. Standard curves were generated with seven dilution points by using the cycle threshold (Ct) value versus the logarithm of each dilution factor and E = 10 −1/slope . Normally, the qPCR result is reliable when the amplification efficiency is 100 ± 20%. In this study, we chose the primers with their efficiencies ranging from 90% to 100% (Table I) to quantify the corresponding genes. The method of real-time quantitative PCR is relative quantification through the 2 −ΔΔCT method. The relative expression of target genes was normalized to actin. The gene expression level observed in the high silicate-treated cells on Day 2 was used as the control for each qRT-PCR analysis to determine differences between silicate limitation and nutrient-replete conditions.
Caspase 3-like protein activity determination
Caspase 3-like protein activity was analyzed using an Enzchek ® Caspase 3-Assay Kit #2 (Invitrogen, WI, USA). Ten-milliliter samples of each culture were filtered using 0.8-µm pore-size Millipore filters. Then, the filters were placed in 1.5 mL centrifuge tubes containing 1 mL of autoclaved seawater to desorp the S. marinoi cells. The cells were centrifuged at 4°C for 8 min (5000g), the supernatant was carefully removed and the pellets containing the algal cells were then snap frozen at −80°C until used. The pellets were then suspended in 200 µL of extraction buffer (100 mM Tris-HCl, 10 mM Ethylene Diamine Tetraacetic Acid and 100 mM NaCl; pH 7.4) and sonicated in an ice water mixture using a sonicator (Scientz Biotechnology, Ningbo, China). To remove insoluble material and unbroken cells, another centrifugation step was performed (6500g, 5 min), and the supernatant containing the protein extract was collected and transferred to a 200-μL microtube. A 50-μL volume containing the cell extracts was incubated with 25 μM of the caspase substrate Z-DEVD-R110 for 2.5 h in the dark at room temperature. The appearance of fluorescent rhodamine 110 (R110) upon the enzymatic cleavage of the non-fluorescent substrate Z-DEVD-R110 was subsequently assayed using a microplate reader (Ex: 496 nm; Em: 520 nm). Negative controls (samples without the Z-DEVD-R110 substrate) and substrate-only controls (a mixture of activity buffer and Z-DEVD-R110 substrate) were also assessed. The cell extracts were pre-incubated for 30 min with 250 μM caspase inhibitor Ac-DEVD-CHO prior to the addition of a substrate, and we confirmed that the fluorescence signals observed in the S. marinoi cell extracts resulted from the activity of caspase 3-like proteases.
In vivo cell staining and flow cytometry Cells were collected via centrifugation (6000g, 5 min, 4°C), resuspended in buffer and then stained using the following dyes: z-VAD-FMK-FITC (20 µM; CaspACE; Promega, Madison, WI, USA) to detect activated caspases and Annexin-V (10/100 μL cells; Invitrogen, WI, USA) to detect externalized PS. The details of the protocol were previously described in Thamatrakoln et al. (2012) . The percentage of positively stained cells (out of a total of 20 000 cells) was determined at 520 nm after excitation with a 488 nm laser using a flow cytometer (BD Fortessa, New Jersey, USA). The gating and data analysis were performed using FlowJo analytical software.
Nucleotide sequence accession numbers
The partial metacaspase gene sequences obtained in this study were deposited in GenBank under the accession numbers KU234219 to KU234224. The SIT, ALDH, GSHS, GOX, HSP90 and actin gene sequences that were obtained were deposited in GenBank under the accession numbers KU254151 to KU254156.
Statistical analyses
Statistical analyses were performed and differences between different treatments were compared using a one-way ANOVA (* = 0.05). Turkey's post hoc tests were used to test the hypothesized differences. It was ensured that the differences were qualified, and then the statistically significant (P ≤ 0.05) was identified.
R E S U L T S Physiological response to silicate limitation
There was no significant difference in cell density between the three treatments on Day 1 (P > 0.05), as shown in Fig. 1A . Beginning on Day 2, differences were observed. The cell density was low in cultures grown in the low silicate treatment and significantly higher in the high silicate treatment than in either the low silicate (P < 0.01 on Days 2-9) or medium silicate (P < 0.05 on Days 2-8) treatments. On the seventh day, the highest overall cell density, which was~1.5 times higher than the cell density in the medium silicate treatment and 5 times higher than the cell density in the low silicate treatment, was observed in the high silicate treatment (6.7 × 10 5 cells mL
). During the first 7 days, the specific algal growth rates of the cells in the low silicate treatment were lower than the growth rates in the cells in the high silicate treatment (~0.27 d
, respectively). The silicate concentration was reduced to a minimum (~2.8 μM) in medium silicate treatment within the first 6 days, and this result was consistent with the decreasing trend that was observed in the high silicate treatment (Fig. 1B) . For the first 6 days of culture under medium silicate conditions, the cell density increased as the silicate concentration decreased, but this was followed by a decrease in cell density that was accompanied by a change  to a low silicate concentration after the seventh day, indicating that silicate was the limiting factor for S. marinoi cell growth. The concentration of silicate in the high silicate group decreased rapidly to its minimum (~36.9 μM) within the first 5 days and then began to slightly increase.
Internal morphological characteristics
TEM observations showed that the internal morphology of the cells distinctly changed in the high silicate-and low silicate-treated cells (Fig. 2) . On Day 2, cells treated with high silicate displayed organized and compact organelles and intact nuclei, chloroplasts, mitochondria, dictyosomes and cell membranes. On Day 5, some organelles remained visible in the cells, but clear organelle degradation was observed on Day 7, even though the cell membranes remained intact.
In comparison, the cells under low silicate conditions were characterized by vacuolization with intact cell membranes. Cells collected on Day 2 from the low silicatetreated cultures displayed cytoplasmic vacuolization, intact nuclei, chloroplasts and cell membranes, and swollen mitochondria. On Day 5, most of the cells exhibited cytoplasmic vacuolization. The cells appeared empty on Day 7, even though the cell membranes had remained intact.
Metacaspase identification
Six metacaspase genes were identified in the S. marinoi transcriptome, and a conserved peptidase_C14 caspase domain (pfam00656) was detected in each of the six S. marinoi metacaspase (SmMC) proteins (Table II) . In addition, SmMC4 was found to contain a cysteine-dependent, aspartatedirected protease domain (cl00042) that could mediate PCD. Protein target analyses (performed using TargetP, version 1.1) predicted that SmMC6 targeted the mitochondria. SmMC2 contained a chloroplast transit peptide and targeted the chloroplast. None of the other metacaspases showed any apparent organelle targeting.
Metacaspase, SIT and antioxidant gene expression
We also assessed the expression of the SmMC, SIT and antioxidant genes using the same cell extracts (Fig. 3) . The expression of target genes was normalized to the expression of actin and calibrated to the level of expression on the second day of the experiment. The gene expression level observed in the high silicate-treated cells on Day 2 was used as the control for each qRT-PCR analysis to determine differences between silicate limitation and nutrient-replete conditions. Distinct differences were observed in the extent and pattern of SmMC gene expression between the high and low silicate treatments (Fig. 3C) . Except for the SmMC4 gene, on Day 2, the expression of the metacaspase genes was significantly higher in the low silicate group than in the high and medium groups (forward: 2.6-to 8.4-fold, P < 0.05; later: 1.5-to 3-fold, P < 0.05). On Day 2, the expression of SmMC4 was significantly higher in the high silicate group than in the low or medium silicate groups (forward: 1.7-fold, P < 0.05; later: 2.12-fold, P < 0.05). Moreover, on Day 5, SmMC4 expression was also significantly lower in the low silicate group than in the medium and high silicate groups (0.61-and 0.56-fold, P < 0.05). On Days 2-5, the expression levels of the identified metacaspase genes remained high in the low silicate group, probably because PCD had already been induced by silicate limitation in the low silicate group on Day 2; however, in the medium and high silicate groups, the expression levels of five the metacaspase genes (SmMC1, SmMC2, SmMC3, SmMC5 and SmMC6) were substantially higher on Day 5 than on Day 2 as a result of silicate limitation or other stress factors, indicating that PCD was induced in many of the S. marinoi cells in these cultures on Day 5.
The gene expression levels of ALDH, GSHS and GOX were significantly higher in the low silicate group than in the medium and high silicate groups on Day 2 (GSHS: 2.62-and 2.39-fold higher, respectively, P < 0.05; GOX: 2.65-and 5.46-fold higher, respectively, P < 0.05; and ALDH: 1.53-and 1.49-fold higher, respectively, P < 0.01) (Fig. 3B) . However, the gene expression levels of ALDH and GSHS were not significantly different among the three treatment groups on Day 5, and the gene expression level of ALDH was also not significantly different from Days 2 to 5. The gene expression levels of GSHS and GOX remained high and did not significantly change in the low silicate group on Days 2-5, whereas their expression levels were significantly higher in the medium and high silicate groups on Day 5 than on Day 2. Although the gene expression of HSP90 was not significantly different on each day among the three groups in this experiment (P > 0.05), the gene expression of HSP90 increased on Day 5 than on Day 2 in all three groups.
The gene expression level of SIT was significantly higher in the low silicate group than in the high silicate group on Days 2, 5 and 7 (P < 0.05) and higher in the medium silicate group than in the low and high silicate groups on Day 7 (Fig. 3A) . Thus, SIT was strongly upregulated under silicate-deprived conditions, which allowed S. marinoi to better adapt to silicate deprivation.
Caspase 3-like protein activity
While there were no significant differences in caspase 3-like activity between the medium and high silicate groups during the first 5 days, caspase 3-like activity increased on Day 6 and decreased on Day 7 for both conditions (Fig. 4) . The low silicate group consistently displayed higher levels of caspase 3-like protein activity per cell from Days 4 to 7 and reached a peak on Day 6, when the activity was significantly higher than that observed in the medium and high groups (P < 0.05). The caspase 3-like protein activity level per cell increased by 54.8-and 10.9-fold over 6 days in the low and high silicate groups, respectively. These results indicate that in S. marinoi, caspase 3-like protein activity is dependent on silicate stress.
In vivo staining for PCD markers Figure 5 shows the results of an in vivo cell labeling experiment aimed at examining phosphotidylserine externalization 

(Annexin-V-FITC-positive cells) and caspase-like activity (FITC-z-VAD-FMK-positive cells) in S. marinoi cells that were exposed to one of three conditions for 1−9 days. There were notable differences between the groups. The percentages of positively stained cells were determined using flow cytometry and found to become dramatically higher in the low silicate group over time. From Days 3 to 9, the FITC-z-VAD-FMK-and Annexin-V-FITC-positive percentages were noticeably higher in the S. marinoi cells grown under low silicate conditions than in the cells cultured under medium and high silicate conditions. At all time points, there was a significant difference in the percentage of Annexin-V-stained cells between the low silicate group and the high silicate group (P < 0.05), and the percentage of positive cells in the low silicate group was also significantly higher than the percentage in the medium silicate group (P < 0.05) on all days except Days 2 and 3 (Fig. 5A ). In the low silicate group, >4% of the cells were positively labeled for Annexin-V on all days except Day 3. There was no significant difference in the percentage of Annexin-V-stained cells between the cultures grown under medium silicate conditions and high silicate conditions except on Days 1 and 2. In the high silicate treatment, <20% of the cells were positively labeled with FITC-z-VAD-FMK (Fig. 5B) , but consistently >20% of the cells were positively labeled for FITC-z-VAD-FMK in the low silicate group, and the percentage of positively labeled cells exceeded 40% in this group on Days 7 and 9. Additionally, the experiments aimed at demonstrating the in situ detection of caspase-like activity showed that the number of positively labeled cells was significantly higher in the low silicate group than in the high silicate group on all days except day 5 (P < 0.05).
D I S C U S S I O N General physiological responses
A comparison of the growth curves for S. marinoi across the three different conditions indicated that the specific algal growth rates of the cells were lower in the low silicate group during the first 7 days than in the cells in the high silicate group (~0.27 d −1 versus~0.45 d
, respectively). During the first 6 days of culture, in the medium silicate group, the cell density increased as the silicate concentration decreased and these trends were followed by a decrease in cell density that was accompanied by a low silicate concentration after the seventh day. These results indicate that silicate was the limiting factor for S. marinoi cell growth. Deficiency in silicate appears to have had a substantial influence on growth, and this result is in agreement with the results of Orefice et al. (2015) , who showed that Si starvation significantly slowed the growth rate of S. marinoi cells.
A comparison of growth curves indicated that the initial increases in cell numbers that were observed beginning on Day 2 were not comparable between the high silicate and medium silicate groups. This result agrees with the results of Fuentes et al. (2015) , in which the cell density of the cells in the control group (grown with a silicate concentration 107.8 ± 1.4 μM (±SD)) was significantly higher than the density in the silicate-depleted groups (silicate concentration 33.7 ± 0.1 μM (±SD)) after 2 days. This is possibly because silicate stress influences growth even when the silicate concentration is 20 μM, as in our experiment. The concentration of silicate in the high silicate group rapidly decreased until it reached its minimum concentration (~36.9 μM) within the first 5 days, and it then began to slightly increase. This change coincided with a decrease in cell density after Day 7. This change in cell density in the high silicate group may have been induced by other limiting factors, such as a higher cell density, which could cause photosynthetic oxygen release to become lower than respiratory oxygen consumption, leading to a deficiency in dissolved oxygen. During the final 3 days of the experiment, the silicate concentration in the medium and low silicate groups slightly increased, perhaps as a result of silicate dissolution following massive cell death. Bidle and Bender (2008) studied the cellular responses to Fe limitation in T. pseudonana by growing cells in two different conditions: nutrient-replete and Fe-limited. Fe limitation triggered acute physiological stress under which the cultures reached a relatively low maximum cell concentration of 8.6 × 10 5 cells mL −1 on Day 3 that is followed by a rapid decline. The replete treatment group displays more extensive and sustained growth and  reaches a peak cell concentration of 2.3 × 10 6 cells mL −1 after 4-5 days. In our experiment, the cell density in the high silicate group was consistently significantly higher than the density in the low silicate group from Days 2 to 9 (P < 0.01). On the seventh day, the highest cell density was observed in the high silicate group (6.7 × 10 5 cells mL
), and this density was~5-fold higher than the density in the low silicate group. During the first 7 days of the experiment, the specific growth rates in the low silicate group were lower than the rates in the high silicate group (~0.27 d −1 versus~0.45 d
, respectively). We therefore propose that the cells in low silicate group were stressed by silicate limitation.
The gene expression level of SIT in the low silicate group increased more rapidly than the level in the medium and high silicate groups (Fig. 3A) . SIT was strongly up-regulated under conditions involving silicate deprivation, which allowed S. marinoi to better cope with silicate deficiency. Lauritano et al. (2015) proposed that in S. marinoi, antioxidant-related and ALDH genes are strongly down-regulated under different environmental conditions (i.e. nutrient starvation/depletion or CO 2 enrichment), which may indicate that the cells avoid unnecessarily over-investing in making the respective proteins. In contrast, HSPs and GOX genes were activated, which allowed the diatom species to better cope with adverse conditions. In the present study, we also analyzed the expression of four genes related to the production of ROS and the development of oxygen stress (ALDH, GSHS, HSP90 and GOX). We found that ALDH gene expression was not significantly changed on Days 2-5 across the groups, and this would indicate the avoidance of unnecessary over-investment by the cells in silicate-limited conditions. HSP90 gene expression was higher on Day 5 than on Day 2, perhaps because the activation of this gene allowed S. marinoi to better cope with silicate-limited conditions (Fig. 3B ). In the low silicate group, the gene expression levels of GSHS and GOX remained high and did not significantly change on Days 2-5. This result indicated that the availability of silicate to S. marinoi was limited on Day 2 and that the gene expression levels of GSHS and GOX increased to allow S. marinoi to reduce oxidative damage and better cope with silicate-limited conditions. In the medium and high silicate groups, the gene expression levels of GSHS and GOX were significantly higher on Day 5 than on Day 2, indicating that S. marinoi was stressed on Day 5 and that the cells induced the expression of GSHS and GOX to better cope with silicate-limited and other stress conditions. These results are consistent with those of Lauritano et al. (2015) . Skeletonema marinoi cells have been shown to accumulate ROS under silicate-limited conditions by inducing the expression of four genes related to oxygen stress, and ROS has been proposed as both an initiator and a byproduct of the PCD process in phytoplankton (Johnson et al., 2014) .
The morphological characteristics of the cells cultured in high and low silicate conditions were therefore different beginning on Day 2. This is likely because the cells cultured in low silicate conditions began to experience silicate limitation on Day 2, despite the fact that they grew until Day 7 (although at a lower growth rate), whereas the cells grown in high silicate conditions were not limited by silicate on Day 2. We also found that some morphological characteristics that are associated with PCD were observed in the low silicate group: these cells were characterized by vacuolization, even though their cell membranes remained intact. The morphological changes observed in the low silicate group were similar to the results of Bidle and Bender (2008) and Luo et al. (2014) , who suggested that the most common hallmarks of PCD, such as marked vacuolization, internal degradation (unrecognizable organelles with integral membranes) and chromatin condensation, were observed in T. pseudonana exposed to iron starvation. The changes in the expression levels of four genes known to be related to oxygen stress and the changes observed in the morphology of the cells suggest that the cells were exposed to intense oxidative stress and would therefore be likely to undergo PCD.
Metacaspase genes
Metacaspases have been identified in plants based on their domain structures, and these proteins share similarities with metazoan 'initiator' and 'executioner' caspases (Choi and Berges, 2013) . Recently, metacaspase genes have been identified in diatoms (six metacaspases in T. pseudonana and five metacaspases in P. tricornutum) (Bidle and Bender, 2008; Choi and Berges, 2013) .
Six metacaspase proteases were identified in S. marinoi in our experiment. Each contains a p20 caspase domain (peptidase_C14 pfam00656) (Table II) . SmMC6 contains a mitochondrial targeting peptide that probably plays an active role in triggering PCD. SmMC2 contains a chloroplast transit peptide, hinting at a potential connection between metacaspases, the activation of PCD and photosynthetic machinery. These findings suggest that although SmMCs share conserved amino acids and caspase-like domain signatures, they appear to have unique subcellular localizations and cellular roles.
The qRT-PCR analyses revealed in the low silicate group, some SmMC gene expression levels were regulated by silicate stress and correlated with caspase 3-like activity. The expression levels of all six SmMC genes were detected in S. marinoi cells (Fig. 3C) . We observed that the expression levels of five SmMCs (SmMC1, SmMC2, SmMC3, SmMC5 and SmMC6) increased in the low silicate group on Day 2, and the expression levels of five of these metacaspase genes remained high but were not significantly changed on Day 5 (Fig. 3C) . These data indicated that PCD was probably already induced by silicate limitation in the low silicate group on Day 2. Caspase 3-like activity was higher in the low silicate group than in the medium silicate and high silicate group after Day 3. Transcriptional and translational time delays have a significant impact on the dynamics of gene expression (Monk, 2003) . We therefore propose that the expression levels of these five SmMC genes were closely aligned with caspase activity in the low silicate group. The expression levels of the five SmMC genes were higher in the medium silicate group on Day 5 than on Day 2. The silicate concentration was lower in the medium silicate group after 5 days. These data indicate that PCD was already induced by silicate limitation in the medium silicate group after 5 days. Caspase 3-like activity was higher in the medium silicate group than in the high silicate group after 5 days. Hence, we propose that the expression levels of these SmMCs were closely aligned with elevated caspase 3-like activity, suggesting that these metacaspase genes are likely initiators of PCD. Bidle and Bender (2008) suggested, based on their own data, that iron starvation and culture age could activate metacaspases and PCD in T. pseudonana. Additionally, in the high silicate group, aging S. marinoi cells underwent PCD in our experiment even when in the exponential phase. Furthermore, there is evidence that some metacaspases play expanded roles outside cell death in which they may function in stress acclimation pathways (Richie et al., 2007; Bidle and Bender, 2008; Thamatrakoln et al., 2012) . Bidle and Bender (2008) suggested that metacaspases play diverse roles in T. pseudonana under Fe starvation conditions. They observed high, constitutive gene expression and high protein levels for some MCs in actively growing T. pseudonana cells in addition to subsequent decreases in these markers under Fe starvation conditions and in parallel with increases in cell death. These metacaspases likely do not possess caspase activity and are therefore not responsible for executing PCD. Therefore, SmMC4 is not increased under silicate limitation conditions and is not likely to be responsible for initiating PCD, but it may have other functions. Orefice et al. (2015) analyzed the expression of a metacaspase gene (MC1 in our study according to sequence alignment) and the effects on the growth curve of S. marinoi of nutrientreplete conditions. MC1 expression did not significantly vary along the growth curve of S. marinoi when cells were grown under nutrient-replete conditions, but it was expressed at lower levels in silicate-starved conditions than replete conditions during the declining phase (−2.2-fold, P < 0.0001). Our research is consistent with the results of Orefice et al. (2015) , who suggested that lower levels of death-specific protein (DSP) were induced by silicate limitation than by cell aging, suggesting that the differential activation and/or regulation of the PCD machinery is differentially responsive to different stressful conditions.
In this study, we experimentally investigated the expression and putative roles of six metacaspases in S. marinoi. Our findings improve our understanding of the characteristics of metacaspases in S. marinoi. It is likely that SmMC4 is not responsible for executing PCD, whereas the other five SmMCs identified probably do serve as PCD executioners. The expression levels of these five SmMC genes were higher in the medium silicate group on Day 5 than on Day 2. This indicated that PCD was induced by silicate limitation in the medium silicate group within 5 days. In the low silicate group, the five metacaspase genes (SmMC1, SmMC2, SmMC3, SmMC5 and SmMC6) expressed at higher levels than in the control group on Day 2, and the expression levels of all five metacaspase genes remained high and had not significantly changed on Day 5 (Fig. 3C ). These data indicate that PCD was probably induced by silicate limitation in the low silicate group within 2 days. Skeletonema marinoi clearly possesses the core PCD execution machinery, which is traditionally anchored around the expression and activation of specific metacaspases. However, the individual roles of these genes remain unknown. In diatoms, metacaspases may be more likely to be up-regulated under silicate limitation and Fe-limited conditions than under nitrogen limitation conditions. Franklin et al. (2012) found T. pseudonana cell numbers rapidly declined within 10 days of nitrogen limitation and also progressively lost membrane integrity. Fluorescence produced by CaspACE binding did not increase during the decline phase in T. pseudonana cells; however, the same strain of T. pseudonana (CCMP1335) was used by Bidle and Bender (2008) , who noted an increase in CaspACE binding during cell lysis in T. pseudonana after the stationary phase when cells were grown under Felimited conditions. Determining the ecological and evolutionary roles of metacaspases in S. marinoi will require a more extensive understanding of the mechanisms involved, including their activation and regulation and the roles they play in executing PCD in response to a variety of stressors. In combination with the recent discovery that PCD can be initiated by chemical signals and secondary metabolites (i.e. dissolved thiol proteases, aldehydes, nitric oxide and calcium) in phytoplankton (Casotti et al., 2005; Vardi et al., 2006 Vardi et al., , 2007 , our findings provide a complementary context for how algal cell death might be initiated in response to silicate stress.
PCD induction
The primary goal of this study was to increase our understanding of the processes involved in the activation and execution of PCD in the diatom S. marinoi. The significant increases observed in the percentage of cells that were positively stained for the externalization of PS and positively in situ-labeled for caspase-like activation in the low silicate group indicated that silicate limitation caused remarkable changes in biochemical responses. Approximately 5.1% and 34.5% of the cells cultured in the low silicate group were positively labeled by FITC-Annexin-V and FITC-z-VAD-FMK, respectively, after an average of 9 days; however, in the high silicate group, only 1.9% and 17.3% of the cells were similarly stained, respectively (Fig. 5) . This result indicates that S. marinoi cells had probably undergone PCD in the low silicate group. Van Creveld et al. (2015) researched PS externalization in P. tricornutum using Annexin-V assays at 4, 8 and 12 h after the application of 150 μM H 2 O 2 . The results indicated that 80% of the cells were positively labeled with FITC-Annexin-V 80% at 8 h after the application of 150 μM H 2 O 2 , whereas only a few percent were positively labeled at 4 h after application. PCD is initiated in a wide range of phytoplankton groups when the cells are grown under various physiological stressors, including oxidative stress, nutrient limitation and culture senescence (Dingman and Lawrence, 2012; Bidle, 2015) , but not all PCD markers are observed in every PCD scenario (Dingman and Lawrence, 2012) . H 2 O 2 can be induced to form hydroxyl radicals, leading to the subsequent oxidation of biomolecules (Russell, 2003) . Moreover, H 2 O 2 has been reported to be highly mobile in cell membranes and to diffuse to vulnerable intracellular compartments (Florence, 1984) . Florence and Stauber (Florence and Stauber, 1986) observed that growth was inhibited in the marine diatom Nitschia closterium under conditions including relatively low concentrations of H 2 O 2 in seawater. Silicate limitation is only a nutrient limitation. Because of differences in the effects of different stress factors (e.g. 150 μM H 2 O 2 versus silicate limitation) on different algae species (e.g. P. tricornutum versus S. marinoi), the results of otherwise similar experiments can vary greatly. PCD showed a similar dependence on biochemical responses. For example, the coccolithophore E. huxleyi appears to undergo PCD in response to viral infections, and in Heterosigma akashiwo, more cells were positively labeled with FITC-Annexin-V and FITC-z-VAD-FMK in cultures undergoing heat stress-induced PCD than in control cells (Bidle et al., 2007; Dingman and Lawrence, 2012) .
We used the expression of metacaspase genes and caspase-like catalytic activity as diagnostic subcellular biomarkers of silicate limitation-induced PCD. Caspase 3-like activity was low during exponential growth but increased as the cells entered stationary phase and reached its highest level during senescence (Fig. 4) . In S. marinoi, caspase 3-like protein activity was significantly higher during senescence in the low silicate group. The increase in caspase 3-like protein activity observed in this study in the low silicate group agrees with the results of Bidle and Bender (2008) , who suggested that caspasespecific activity was significantly increased by iron starvation in T. pseudonana.
Five metacaspase genes (SmMC1, SmMC2, SmMC3, SmMC5 and SmMC6) were expressed at higher levels in the low silicate group than the control on Day 2, and the expression of these five metacaspase genes remained high without significantly changing on Day 5 (Fig. 3C) . It is likely that in the low silicate group, PCD was probably already induced by silicate limitation in low silicate treatment conditions on Day 2. The expression levels of the five metacaspase genes were lower in the medium and high silicate groups than in the low silicate group on Day 2. Additionally, the expression levels of these five metacaspase genes were higher on Day 5 in response to both silicate limitation and other stress factors, indicating that PCD had already been induced in many cells. Orefice et al. (2015) found that the gene for DSP is a possible marker of PCD. While the metacaspases examined in this study showed no significant variation that could be associated with aging, the levels of DSP transcripts that were induced by silicate starvation were lower than the levels induced by cell aging. The results of our and previous studies therefore provide evidence supporting an integral role for metacaspases and other PCD-related genes in the initiation of the PCD pathway (Vardi et al., 1999; Zuppini et al., 2007; Bidle and Bender, 2008; Dingman and Lawrence, 2012) .
The in vivo staining data, TEM observations and analyses of caspase 3-like activity and qRT-PCR results presented in this study indicate that a significant number of S. marinoi cells likely undergo PCD when exposed to low silicate levels. PCD evolved in phytoplankton cells as a strategy for decreasing nutrient-related stress and for removing aging and/or damaged cells from the population to ensure that they do not become a burden (Yarmolinsky, 1995; Fröhlich and Madeo, 2000; Bidle and Falkowski, 2004) . In marine ecosystems, unusual limitations on silicate concentrations have been clearly documented during diatom blooms (Egge and Aksnes, 1992; Kuuppo et al., 1998) . Therefore, our data suggest that these cells may be using PCD as a strategy for reducing the number of cells in the population, which would consequentially decrease the silicate demand of population as a whole population and contribute to the successful maintenance of a small population of S. marinoi cells. Ultimately, the surviving cells would be able to grow better when the silicate supply then increase under what would otherwise have been silicate-limited conditions. These results provide insight into their survival and competition strategies for coping with Si fluctuations in the marine environment.
C O N C L U S I O N
To the best of our knowledge, this is the first study that identifies several distinct putative metacaspases in S. marinoi, further showing that these genes are differentially expressed in response to silicate limitation. We used several techniques, including fluorescent cell labeling in combination with flow cytometry to investigate membrane permeability and caspase-like activity, in addition to performing analyses of internal morphological characteristics and the differential expression levels of antioxidant genes. Our results indicate that in S. marinoi, PCD may be induced by a reduction in silicate levels in the environment and the expression levels of antioxidant genes are increased to cope with silicate stress. We are the first to identify six distinct putative metacaspase in S. marinoi, and we show that these genes are differentially expressed in response to silicate limitation. These results increase our understanding of the processes involved in the activation and execution of PCD in S. marinoi. In S. marinoi, PCD may be induced by silicate limitation, and it could therefore be used as a strategy to decrease the silicate demand of the whole population and thereby regulate its fate.
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